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COD REMOVAL AND ELECTRICITY GENERATION IN MICROBIAL 
FUEL CELLS FED WITH BREWERY WASTEWATER 
SUMMARY 
Recently, the world is facing energy crisis for non-renewable resources. So people 
are searching for high efficient energy transformations and way to utilize the 
alternate energy sources. Fuel cells are an important part in the research. The main 
aspects of fuel cell research is to reduce the cost and simplifying implementation 
conditions.In recent years, people are moving towards microbiology and 
biotechnology to find the solution. The working is based on studies of a form of fuel 
cells known as Microbial Fuel Cells (MFCs). MFCs can be the next generation of 
fuel cell and thus play an important role in energy conservation and alternate fuel 
utilization. There are different aspects of Microbial fuel Cells as well as different 
types of fuel cells. Microbial fuel cells can be used for different purposes such as 
electricity generation, biohydrogen production, biosensors and waste water 
treatment. 
In this work, the production of electricity and the oxidation of the brewery 
wastewater as a carbon source, using a mediator-less two-compartment microbial 
fuel cell (MFC) has been studied. This thesis consists of three parts.  
At the beginning the activated sludge which was taken from Efes Pilsen Wastewater 
Treatment Plant has been acclimated to laboratory conditions for 1.5 months.  
Secondly, MFC start-up phase has been carried out.  
Last phase consists of experiments in MFC. During the MFC experiments, special 
attention has been paid in which it was found that with high hydraulic and solid 
retention times it is possible to obtain a very efficient process with a Chemical 
Oxygen Demand (COD) removal and electricity generation. MFC operation with 
high sludge concentration has been tested, with the system having a volatile 
suspended solids concentration, 2500 mg/l. Moreover, wastewater with different 
COD concentrations, have been used. 
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MİKROBİYAL YAKIT HÜCRESİNDE BİRA ATIKSUYUNUN 
KULLANILDIĞI ŞARTLARDA KARBON GİDERİMİ VE ELEKTRİK 
ÜRETİMİ 
ÖZET 
Günümüzde, tüm dünyada ve ülkemizde hızla gelişen teknoloji ile birlikte artan 
enerji ihtiyacı, son yıllarda doğal enerji kaynaklarının hızla tüketilmesine neden 
olmuş ve bu sorun, bilim dünyasında yapılan çalışmaları alternatif enerji kaynakları 
arayışına yönlendirmiştir. Bu alternatif enerji kaynaklarından biri de Mikrobiyal 
Yakıt Hücre’leridir (MYH). MYH, organik atıklardaki kimyasal enerjiyi 
mikroorganizmalar yardımı ile direk olarak elektrik enerjisine dönüştürebilen 
sistemlerdir. MYH’ler, elektrokimyasal reaksiyonların gerçekleştiği bir anot ve bir 
katot bölmesiyle genellikle bir membrandan oluşur. Anot bölmesindeki elektrota 
bağlı olarak büyüyen mikroorganizmalar, atıksudaki organikleri hidrojen iyonuna ve 
elektronlara dönüştürürler..Son zamanlarda dünyada geri dönüşümü olmayan enerji  
kaynakları nedeniyle krizler yaşanmaktadır. Bu nedenle insanlar verimliliği yüksek  
enerji dönüşümleri arayışına girmiş olup alternatif enerji kaynaklarından 
yararlanmaya çalışıyorlar. Yakıt hücreleri bu konuda önemli araştırma konusudur. 
Çalışmalarda ki  asıl nokta yakıt hücrelerinin maliyeti düşürmesi ve uygulama 
koşullarını kolaylaştırması. Son yıllarda, insanlar çözümler bulmak için 
mikrobiyoloji ve biyoteknolojiye yönelmişlerdir. Bu çalışma Mikrobiyal Yakıt 
Hücreleri(MYH) olarak bilinen çalışmalara dayanarak hazırlanmıştır. MYH gelecek 
nesillerin yakıt hücreleri olup alternatif yakıt olarak kullanılabilir. MYHlerin farklı 
yönleri olduğu gibi farklı yakıt hücreleride bulunmaktadır. Mikrobiyal yakıt hücreleri 
elektrik üretimi, biyohidrojen üretimi, biyosensör ve atıksu arıtımı gibi farklı 
amaçlarda kullanılabilir. 
MFC katot ve anot adı verilen iki bölmeden oluşur. Anot hücresinde bulunan 
mikroorganizmalar, organik maddeleri oksitleyerek elektron ve proton (hidrojen) 
üretirler. Anot bölmesinde üretilen elektronlar, bir devre ile katot bölmesine aktarılır. 
Hidrojen ise proton değiştirici zardan geçerek katot bölmesine ulaşır ve burada 
oksijen (başka bir elektron alıcı da kullanılabilir) ile birleşerek suya dönüşür. 
Kuvvetli bir e- alıcısı olan O2’nin varlığı ve pozitif elektrik yükü oluşturan H+’lar 
sayesinde, anottaki elektronlar katoda doğru çekilir ki bu da hat üzerinde elektrik 
akımı oluşturmaktadır. 
MFC ilk olarak 1910 yılında Potter tarafından bulunmuştur (Du vd., 2007). Fakat bu 
buluş 1980’lere kadar dikkat çekmemiştir. Çünkü ancak 1980’li yıllarda MFC 
kullanılarak üretilebilecek elektrik enerjisinin elektron aracıları (electron mediator) 
ile ciddi miktarda arttırılabileceği bulunmuştur. Anot bölmesinde bulunan bakteriler 
anofilik olmadıkları sürece, mikroorganizmalar elektronları doğrudan doğruya anota 
aktaramazlar. Birçok bakterinin yüzeyi iletken olmayan lipit membran 
bulundurmakta olup, elektronların anota direk olarak transferi engellenecektir. Bu 
durumda elektron mediatörleri (Davis ve Higson, 2007), elektronların anota 
transferini hızlandıracaktır. Oksitlenmiş durumdaki elektron mediatörleri, 
 xxiv 
 
membrandan elektronları alarak indirgenmiş duruma geçerler. Daha sonra anota 
giderek elektronları bırakarak kendileri tekrar indirgenmiş duruma geçerek anot 
sıvısı içinde dağılırlar.  
Mikrobiyal yakıt hücreleri (MYH) oksijensiz ortamda elektrojen mikroorganizmaları 
biyokatalizör olarak kullanarak organik maddelerden elde edilen kimyasal enerjiyi 
doğrudan elektrik enerjisine çeviren sistemlerdir.Tipik bir MYH’si anot, katot, 
proton geçirgen membran ve voltaj yada akım değerlerini ölçen veri toplama 
cihazından oluşur.Elektrojen bakteri oksijensiz ortamda anot üzerinde biyofilm 
tabakası oluşturarak organik maddeleri, karbondioksit, elektron ve protona çevirir. 
MFC’lerde elektrik üretimini artırmaya yönelik pek çok çalışma 
gerçekleştirilmektedir. Mediatörler, kimyasal reaksiyonlar sonucunda açığa çıkan 
elektronları bakteri hücresinden alarak anot elektrota taşırlar. Böylelikle eletronların 
devreye taşınımını hızlandırarak elektrik akımının yükselmesine ve elektrik 
üretiminin sürekli olarak sağlanmasına yardımcı olurlar. Mediatörler kimyasal ve 
biyolojik olarak sınıflandırılabilirler. Neutral Red (kırmızı doğal boya), Thionin, 
Methylene Blue (MB) ve Fe(III)EDTA MFC lerde kullanılan kimyasal 
mediatörlerden bazılarıdır.  Biyolojik mediatörler ise nanowire özelliğine sahip 
geobakter ve Shewanella türleridir. 
Yakıt hücresinin çalışma prensibi, kataliz temeline dayanır; reaksiyona giren yakıtın 
elektron ve protonları ayrılır, elektrolit (elektronik) iletken olmadiğindan 
(elektrolitler iyonik iletkendir. Yakıt hücresi tipine göre oksijen iyonu ya da hidrojen 
iyonlarını ileterek iyonik iletkenlik gerçekleştirmiş olurlar). elektronlar bir elektronik 
devre üzerinden akmaya zorlanır ve böylece elektrik akımı üretilmiş olunur. Bir 
diğer katalitik prosesle de, geri toplanan elektronların protonlarla ve oksitleyici ile 
birleşerek atık ürünlerin (örneğin; su, karbon dioksit, ısı) açığa çıkar. Hidrojen–
Oksijen (proton değişim membranlı yakıt hücresi, PDMYH) tasarımı örneğinde, 
proton ileten bir polimer membran (elektrolit), anot ve katotu birbirinden ayırır. 
Proton değişim mekanizmasının tam anlaşılamadığı 1970'lerde bu hücre, "katı 
polimer elektrolitli yakıt hücresi" olarak adlandırılmaktaydı.Anot tarafında, hidrojen, 
anot katalizöre yayınarak proton ve elektronlara ayrışır. Protonlar membran 
üzerinden katoda doğru ilerlerken, elektronlar da, membranın elektriksel olarak 
yalıtkan olması nedeniyle harici bir devre üzerinden akar ve elektrik akımı 
oluştururlar. Oksijen molekülleri katot katalizör üzerinde elektron ve protonlarla 
reaksiyona girerek su (bu örnekteki tek atık ürün) oluşturur.Bu saf hidrojen tipi yakıt 
hücrelerine ilaveten, dizel, metanol ve kimyasal hidrürler gibi hidrokarbon yakıtlar 
da mevcuttur. Bu tip yakıt hücrelerinin atıkları karbon dioksit ve sudur. 
Yakıt hücrelerinde çok çeşitli malzemeler kullanılır. Elektrot–bipolar plakalar 
genellikle metal (nikel veya karbon nano tüpler) olup daha yüksek verim eldesi için 
platin, nano demir tozu veya paladyum gibi bir katalizörle kaplanmıştır. Karbon kâğıt 
bunları seramik veya suni membrandan yapılmış elektrolitten ayırır. 
Bu çalışmada, elektrik üretimi ve iki bölmeli mikrobiyal yakıt hücresi (MYH) 
kullanılarak karbon kaynağı olarak bira atık suyu ile beslenen bir atıksu içindeki 
kirletici maddelerin oksidasyonu incelenmiştir. laboratuar ortamında farklı 
derişimlerde Kimyasal Oksijen İhtiyacı (KOİ) değerlerinde hazırlanan sentetik atıksu 
kullanılmış, laboratuar ölçekli ve iki bölmeli kübik-MYH reaktöründe organik 
madde giderimi ile birlikte, elektrik enerjisi üretme çalışmaları yapılmıştır.  
Bu kapsamda, bu tez üç aşamadan oluşmaktadır. 
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Başlangıçta aktif çamur  Efes Pilsen Atıksu Arıtma Tesisinden alınmış ve sonrasında 
1.5 ay boyunca laboratuvar koşullarına aklime edilmiştir.Aklime sürecinde askıda 
katı madde, uçucu askıda katı madde, pH, kimyasal oksijen ihtiyacı periyodik 
aralıklarla gözlenmiştir. 
İkinci aşamada, MYH kurulum aşaması yapılmıştır. MYH iki bölmeli 15*15*15 
ölçülerinde pleksiglas reaktör ve bu iki bölmeyi birbirine bağlayan membrandan 
meydana gelmektedir. Bölmenin bir tarafına Efes Pilsen Atıksu Arıtma Tesisi’nden 
alınarak 1,5 ay süresince aklime edilmiş çamur diğer bölmeye ise su konulmuştur. 
Son aşama MYH ile gerçekleştirilen deneylerden oluşmuştur. MYH deneyleri 
aşamasında, özel olarak yüksek hidrolik bekletme süreleri ve çamur yaşları ile 
Kimyasal Oksijen İhtiyacı (KOİ) giderimi ve elektrik üretiminde çok verimli 
sonuçlar elde etmenin mümkün olduğu tespit edilmiştir. MYH işletmesinde yüksek 
çamur konsantrasyonu incelenmiş ve sistem uçucu askıda katı madde 
konsantrasyonu(UAKM); 2500 mg/L ile işletilmiştir. Sistemde aynı kompozisyonda 
sentetik atıksu, farklı KOİ konsantrasyonlarının beslenmesi durumu incelenmiştir. 
 xxvi 
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1. INTRODUCTION 
1.1 Meaning and Significance of the Thesis 
Energy, in any form, plays the most important role in the modern world and it has 
been increasing worldwide exponentially. At present, global energy requirements are 
mostly dependent on the fosil fuels, which eventually lead to foreseeable depletion of 
limited fosil energy sources. Combustion of fosil fuels also has serious negative 
effect on the environment due to CO2 emission. Climate changes, increased global 
demand for the finite oil, natural gas reserves and energy security have intensified 
the searches for alternatives to fosil fuels. Due to the increased interest on renewable 
energy, fuel cell technology has gained importance in recent years. 
MFC is considered to be a promising sustainable technology to meet increasing 
energy needs, especially using wastewaters as substrates, which can generate 
electricity and accomplish wastewater treatment simultaneously, thus may lower the 
operational costs of wastewater treatment plants. (Lu et al., 2009).  
1.2 Purpose and Scope of the Thesis 
The aim of thesis is to study the production of electricity and the oxidation of the 
brewery wastewater as a carbon sources. The work is focussed on the study of 
acclimation of the microbial culture and on the effect of the biodegradability of the 
substrate, paying special attention to the study of the relationship between COD removal 
and electricity production, including the achievement of a high power and current 
density. The hydraulic and solid retention times of the MFC were high enough to assure 
the degradation of the organic substrate. A two-compartment MFC with the anodic and 
the cathodic chambers separated by a proton exchange membrane is used. Carbon 
removal and electricty generation efficiencies have been observed for different 
concentrations which were 860 mg COD/l and 1720 mg COD/l. 
The  first chapter of the thesis, covers the meaning and importance of the subject and, 
the purpose and scope of the thesis. 
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In the second chapter, a review on MFC with the emphases on recent advances in 
MFC reactor designs, MFC performances, applications and optimization of important 
operating parameters and a brief MFC history has been presented.  
In the third chapter, methods and materials used in experimental studies and  the 
applied analytical methods have been given. 
In the fourth chapter, the result of the experimental studies are presented. The data 
obtained from experimental studies are shown and interpreted.  
In the fifth chapter, a general evaluation of the experimental studies and conclusions 
are presented. 
 3 
 
2. LITERATURE SURVEY 
2.1 Process of MFC 
For centuries, microorganisms, which transform food into an electron flow, were 
only a biological curiosity; but now scientists have made it possible to use them in 
watches as power source (Bennetto et al., 1987).  Microbial fuel cells (MFCs) are 
devices that directly convert chemical energy to electricity through catalytic 
activities of microorganisms.Electricity has been generated in MFCs from various 
organic compounds, including carbonhyrdrates, proteins and fatty acids (Catal et al., 
2008; Logan, 2007; Allen et al., 1993; Jang et al., 2004). A microbial fuel cell (MFC) 
is a device that converts chemical energy to electrical energy with the aid of the 
catalytic reaction of microorganisms.  
 
Figure 2.1: This diagram shows how a microbial fuel cell functions (Bennet, 2008). 
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Figure 2.1 shows a  MFC consists of anode and cthode separated by a a cation 
specific membrane. Microbes in the anode oxidize fuel, and the resulting electrons 
and protons are transferred to the cathode through the circuit and the membrane , 
respectively. Electrons and protons are consumed in the cathode, reducing oxidant, 
usually oxygen (Catal et al., 2008; Logan, 2007). Carbon dioxide is produced as an 
oxidation product. However, there is no net carbon emission because the carbon 
dioxide in the renewable biomass originally comes from the atmosphere in the 
photosynthesis process. Unlike in a direct combustion process, the electrons are 
absorbed by the anode and are transported to the cathode through an external circuit. 
After combine with oxygen to form water. Microorganisms in the anodic chamber 
extract electrons and protons in the dissimilative process of oxidizing organic 
substrates. (Rabaey  and Verstraete, 2005). 
2.2 Components of MFC 
One of the most important objectives of any MFC or fuel cell is to produce  as much 
power as possible in the most efficient manner. The term “efficient” is very broad 
and can be based on not only direct efficiency relations such as coulombic efficiency 
and energy efficiency, but also the areal and volumetric current and power densities, 
material costs and design simplicity. Today, MFC design are numerous and of 
varying complexity. The design is often dependent on the purpose of the MFC, 
whether it is to analyze a particular aspect of MFC operation, like microbial 
community analysis, or increasing power production through comparison of material 
like anode/cathode electrodes, catalyst considerations, or by varying feed conditions. 
MFCs typically are designed as either dual-chambered or single-chambered. A 
typical MFC consists of two separate chambers which can be inoculated with any 
type of liquid media. These chambers, an anaerobic anode chamber and an aerobic 
cathode chamber, are generally separated by a Proton Exchange Membrane (PEM) 
such as Nafion. A one-compartment MFC eliminates the need for the cathodic 
chamber by exposing the cathode directly to the air. Table 2.1 shows a summary of 
MFC components and the materials used to construct them. (Logan et al., 2006; 
Rabaey and Vestraete, 2005; Bullen et al., 2006; Lovley, 2006). 
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Table 2.1: Basic components of microbial fuel cells. 
 
2.3 History of MFC  
The idea of using microbial cells in an attempt to produce electricity was first 
conceived at the turn of the nineteenth century. M.C. Potter was the first to perform 
work on the subject in 1911. Potter, M. C. (1911).A professor of botany at the 
University of Durham, Potter managed to generate electricity from E. coli, but the 
work was not to receive any major coverage. In 1931, however, Barnet Cohen drew 
more attention to the area when he created a number of microbial half fuel cells that, 
when connected in series, were capable of producing over 35 volts, though only with 
a current of 2 milliamps. Cohen, B. (1931) More work on the subject came with a 
study by DelDuca et al. who used hydrogen produced by the fermentation of glucose 
by Clostridium butyricum as the reactant at the anode of a hydrogen and air fuel cell. 
Though the cell functioned, it was found to be unreliable owing to the unstable 
nature of hydrogen production by the micro-organisms. (DelDuca, M. G., Friscoe, J. M. 
and Zurilla, R. W. 1963). Although this issue was later resolved in work by Suzuki et 
al. (Karube, I., T. Matasunga, S. Suzuki S. Tsuru. 1976) the current design concept of an 
MFC came into existence a year later with work once again by Suzuki.( Karube et al., 
1977) By the time of Suzuki’s work in the late 1970s, little was understood about 
how microbial fuel cells functioned; however, the idea was picked up and studied 
later in more detail first by MJ Allen and then later by H. Peter Bennetto both from 
King's College London. Bennetto saw the fuel cell as a possible method for the 
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generation of electricity for developing countries. His work, starting in the early 
1980s, helped build an understanding of how fuel cells operate, and until his 
retirement, he was seen by many as the foremost authority on the subject. It is now 
known that electricity can be produced directly from the degradation of organic 
matter in a microbial fuel cell, although the exact mechanisms of the process are yet 
to be fully understood. Like a normal fuel cell, an MFC has both an anode and a 
cathode chamber. The anoxic anode chamber is connected internally to the cathode 
chamber via an ion exchange membrane with the circuit completed by an external 
wire. In May 2007, the University of Queensland, Australia, completed its prototype 
MFC, as a cooperative effort with Foster's Brewing. The prototype, (a 10L design), 
converts brewery wastewater into carbon dioxide, clean water, and electricity. With 
the prototype proven successful, plans are in effect to produce a 660 gallon version 
for the brewery, which is estimated to produce 2 kilowatts of power. While it is a 
negligible amount of power, the production of clean water is of utmost importance to 
Australia, for which drought is a constant threat. The efficiency and economic 
viability of converting organic wastes to bioenergy depend on the characteristics and 
components of the waste material. Especially the chemical composition and the 
concentrations of the components that can be converted into products or fuels, is of 
major interest while considering the potential substrates in BES systems (Angenent 
and Wrenn, 2008). The substrate influences not only the integral composition of the 
bacterial community in the anode biofilm, but also the MFC performance including 
the power density (PD) and Coulombic Efficiency (CE) (Chae et al., 2009).  
2.4 Applications of Microbial Fuel Cell 
2.4.1 Biohydrogen  
Hydrogen production by modified MFCs operating on organic waste may be an 
interesting alternative.Under normal operating conditions, protons relased by the 
anodic reaction migrate to the cathode to combine with oxygen to form 
water.Hydrogen generation from the protons and the electrons produced by the 
metabolism of microbes in an MFC is thermodinamically unfavorable.MFCs can 
potentially produce about 8-9 mol H2/mol glucose compared to the typical 4 mol 
H2/mol glucose achieved in conventional fermentation (Liu et al., 2005c). In such 
devices, anaerobic conditions are maintained in the cathode chamber and additional 
voltage of around 0,25 V is applied to the cathode. Under such conditions, protons 
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are reduced to hydrogen on the cathode. Such modified MFCs are termed bio-
electrochemically assisted microbial reactors.In biohydrogen production using 
MFCs, oxygen is no longer needed in the cathodic chamber. Thus, MFC efficiencies 
improve because oxygen leak to the anodic chamber is no longer an issue. 
2.4.2 Wastewater treatment 
Micro-organisms can perform the dual of degrading effluent and geerating power. 
MFCs are presently under serious consideration as devices to produce electrical 
power in the course of treatment of industrial, agricultural, and municipal 
wastewater. In the late 1990s, Kim and coworkers demonstrated that bacteria could 
be used in a biofuel cell as a method of determining the concentration of lactate in 
water (Kim et al. 1999d), and then that electricity generation in an MFC could be 
sustained by starch using an industrial wastewater (Kim et al. 1999). However, the 
power production was low and it was not clear whether the technology would have 
much impact on reducing wastewater strength.  In 2004, this changed and the link 
between electricity using MFCs and wastewater treatment was clearly forged when it 
was demonstrated that domestic wastewater could be treated to practical levels while 
simultaneously generating electricity (Liu et al. 2004). The amount of electricity 
generated in this study, while low (26 mW/m
2
), was considerably higher (several 
orders of magnitude) than had previously been obtained using wastewater. Research 
led by Reimers (2001) a few years earlier had demonstrated that organic and 
inorganic matter in marine sediments could be used in a novel type of MFC, making 
it apparent that a wide variety of substrates, materials, and system architectures could 
be used to capture electricity from organic matter with bacteria. Still, power levels in 
all these systems were relatively low. The final development that sparked the current 
interest in MFCs was provided by Rabaey et al. (2003) when they demonstrated 
power densities two orders of magnitude greater was possible in an MFC using 
glucose, again without the need for exogenous chemical mediators. 
2.4.3 Biosensor 
Data on the natural environment can be helpful in understanding and modeling 
ecosystem responses, but sensors distributed in the natural environment require 
power for operation. MFCs can possibly be used to power such devices, particularly 
in river and deep-water environments where it is difficult to routinely access the 
system to replace batteries.(Bond et al., 2002). The proportional correlation between 
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the Coulombic yield of MFCs and the strength of the wastewater make MFCs 
possible biological oxygen demand (BOD) sensor (Kim et al., 2003). An accurate 
method to measure the BOD value of a liqued stream is to calculate its Coulombic 
yield. A number of works ( Chang et al., 2004; Kim et al.,2003) showed good linear 
relationship between the Coulombic yield and the strength of the wastewater in a 
quite wide BOD concentration range. However, high BOD concentration requires a 
long response time because the Coulombic yield can be calculated only after the 
BOD has been depleted unless a dilution mechanism is in place. Efforts have been 
made to improve the dynamic responses in MFCs used as sensors (Moon et al.,2004) 
2.4.4 Electricity generation 
Microbial fuel cells use inorganic mediators to tap into the electron transport chain of 
cells and channel electrons produced. The mediator crosses the outer cell lipid 
membranes and bacterial outer membrane; then, it begins to liberate electrons from 
the electron transport chain that normally would be taken up by oxygen or other 
intermediates. The now-reduced mediator exits the cell laden with electrons that it 
shuttles to an electrode where it deposits them; this electrode becomes the electro-
generic anode (negatively charged electrode). The release of the electrons means that 
the mediator returns to its original oxidised state ready to repeat the process. It is 
important to note that this can only happen under anaerobic conditions; if oxygen is 
present, it will collect all the electrons as it has a greater electronegativity than 
mediators.In a microbial fuel cell operation, the anode is the terminal electron 
acceptor recognized by bacteria in the anodic chamber. Therefore, the microbial 
activity is strongly dependent on the redox potential of the anode. In fact, it was 
recently published that a Michaelis-Menten curve was obtained between the anodic 
potential and the power output of an acetate driven microbial fuel cell. A critical 
anodic potential seems to exist at which a maximum power output of a microbial fuel 
cell is achieved.(Cheng et al., 2008) A number of mediators have been suggested for 
use in microbial fuel cells. These include natural red, methylene blue, thionine or 
resorufin.This is the principle behind generating a flow of electrons from most 
micro-organisms (the organisms capable of producing an electric current are termed 
Exoelectrogens). In order to turn this into a usable supply of electricity this process 
has to be accommodated in a fuel cell. In order to generate a useful current it is 
necessary to create a complete circuit, and not just shuttle electrons to a single 
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point.The mediator and micro-organism, in this case yeast, are mixed together in a 
solution to which is added a suitable substrate such as glucose. This mixture is placed 
in a sealed chamber to stop oxygen entering, thus forcing the micro-organism to use 
anaerobic respiration. An electrode is placed in the solution that will act as the anode 
as described previously.In the second chamber of the MFC is another solution and 
electrode. This electrode, called the cathode is positively charged and is the 
equivalent of the oxygen sink at the end of the electron transport chain, only now it is 
external to the biological cell. The solution is an oxidizing agent that picks up the 
electrons at the cathode. As with the electron chain in the yeast cell, this could be a 
number of molecules such as oxygen. However, this is not particularly practical as it 
would require large volumes of circulating gas. A more convenient option is to use a 
solution of a solid oxidizing agent.Connecting the two electrodes is a wire (or other 
electrically conductive path which may include some electrically powered device 
such as a light bulb) and completing the circuit and connecting the two chambers is a 
salt bridge or ion-exchange membrane.(Benetto et al.,1983) 
2.5 Substrates Used in MFCs 
In MFCs, substrate is regarded as one of the most important biological factors 
affecting electricity generation (Liu et al., 2009). A great variety of substrates can be 
used in MFCs for electricity production ranging from pure compounds to complex 
mixtures of organic matter present in wastewater. So far the only objective of the 
various treatment processes is to remove pollutants from waste streams before their 
safe discharge to the environment. In the last century, activated sludge process (ASP) 
has been the mainstay of wastewater treatment. However, it is a very energy 
intensive process and according to an estimate, the amount of electricity needed to 
provide oxygen in ASPs in USA is equivalent to almost 2% of the total US electricity 
consumption (Electric Power Research Institute, 2002). At the same time, the 
addition of a second treatment step changes the status of several streams generated in 
the ASP treatment of agro-industry from ‘‘waste” to ‘‘raw material” which can 
eventually be utilized for the production of specific chemicals or energy 
(Kleerebezem and van Loosdrecht, 2007). Moreover, the emphasis of today’s waste 
management is on reuse and recovery of energy, which has led to new views on how 
these streams can be dealt with. Further, different researchers use different units to 
denote the performance of a MFC. One of the most common unit is current density, 
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which is either represented as the current generated per unit area of the anode surface 
area (mA/cm
2
) or current generated per unit volume of the cell (mA/m
3
).  
2.5.1 Brewery wastewater 
Wastewater from breweries has been a favorite among researchers as a substrate in 
MFCs, primarily because of its low strength. Besides, it is suitable for electricity 
generation in MFCs due to the food-derived nature of the organic matter and the lack 
of high concentrations of inhibitory substances (for example, ammonia in animal 
wastewaters) (Feng et al., 2008). Although the concentration of brewery wastewater 
varies, it is typically in the range of 3000–5000 mg of COD/L which is 
approximately 10 times more concentrated than domestic wastewater 
(Vijayaraghavan et al., 2006). It could also be an ideal substrate for MFCs due to its 
nature of high carbohydrate content and low ammonium nitrogen concentration. Beer 
brewery wastewater treatment using aircathode MFC was investigated by Feng et al. 
(2008) and a maximum PD of 528 mW/m
2
 was achieved when 50 mM phosphate 
buffer was added to the wastewater. In this case the maximum power produced by 
brewery wastewater was lower than that achieved using domestic wastewater, when 
both wastewaters were compared at similar strengths. This might be due to difference 
in conductivities of two wastewaters. Diluting the brewery wastewater with 
deionized water decreased the solution conductivity from 3.23 mS/cm to 0.12 
mS/cm. Recently, Wen et al. (2009) using a model based on polarization curve for 
the MFC, reported that the most important factors which influenced the performance 
of the MFC with brewery wastewater were reaction kinetic loss and mass transport 
loss (both were 0.248 V when current density was 1.79 A/m
2
). These can be avoided 
by increasing the concentration of brewery wastewater and by increasing the reaction 
temperature and using a rough electrode to provide for more reaction sites. 
2.5.1.1 Treatment of brewery wastewater 
Brewing industries are one of the major industrial users of water. These industries 
have one of the wastes most difficult to treat satisfactorily. The high organic content 
of brewery effluent classifies it as a very high-strength waste in terms of chemical 
oxygen demand, from 1000 mg/L to 4000 mg/L and biochemical oxygen demand of 
up to 1500 mg/L. The treatment of brewery wastewater effluent is a costly task for 
the brewer in order to meet the government regulations and to practice 
environmentally friendly manufacturing. The untreated effluent discharge from these 
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industries is coloured and highly intoxicating due to presence of alcohol and can be 
toxic to aquatic life in receiving waters, hence the need for the treatment of brewery 
wastewater effluent before being discharged into water courses. However, the current 
problems in water and wastewater treatment stem from the increasing pollution of 
waters by organic compounds that are difficult to decompose biologically because 
these substances resist the self-purification capabilities of the rivers as well as 
decomposition in conventional wastewater treatment plants. Consequently, 
conventional mechanical-biological purification no longer suffices and must be 
supplemented by an additional stage of processing. Among the physical-chemical 
processes that have proved useful for this, adsorption onto activated carbon is 
especially important because it is the dissolved, difficult-to-decompose organic 
substances in particular that can be selectively removed by activated carbon 
(Olafadehan and Aribike, 2000).  
Wastewater sample collected from brewery effluent was used for this testing study. 
Effluent discharge from brewery is coloured and intoxicating: it is characterised by 
pH, temperature and chemical oxygen demand (COD). The objective is to effect 
treatment of the wastewater sample by the removal or reduction of the adverse 
characteristics such COD, acidity or alkalinity using the produced activated carbon. 
Samples were collected at the effluent from a brewery located within Lagos State and 
analysed using standard method for water and wastewater analysis in the laboratory. 
Physical treatment 
Physical treatment is for removing coarse solids and other large materials, rather than 
dissolved pollutants. It may be a passive process, such as sedimentation to allow 
suspended pollutants to settle out or float to the top naturally. 
Flow equalization  
Flow equalization is a technique used to consolidate wastewater effluent in holding 
tanks for "equalizing" before introducing wastewater into downstream brewery 
treatment processes or for that matter directly into the municipal sewage system.  
Screening 
Typically, the wastewater is first screened to remove glass, labels, and bottle caps, 
floating plastic items and spent grains. 
Grit removal 
After the wastewater has been screened, it may flow into a grit chamber where sand, 
grit, and small stones settle to the bottom.  
 12 
 
Gravity sedimentation 
With the screening completed and the grit removed, wastewater still contains 
dissolved organic and inorganic constituents along with suspended solids. The 
suspended solids consist of minute particles of matter that can be removed from the 
wastewater with further treatment such as sedimentation or chemical flocculation. 
Chemical treatment 
Among the chemical treatment methods, pH adjustment and flocculation are some of 
the most commonly used at breweries in removing toxic materials and colloidal 
impurities. 
pH adjustment 
The acidity or alkalinity of wastewater affects both wastewater treatment and the 
environment. Low pH indicates increasing acidity while a high pH indicates 
increasing alkalinity (a pH of 7 is neutral). The pH of wastewater needs to remain 
between 6 and 9 to protect organisms. Alkalis and acids can alter pH thus 
inactivating wastewater treatment processes. 
Flocculation 
Flocculation is the stirring or agitation of chemically-treated water to induce 
coagulation. Flocculation enhances sedimentation performance by increasing particle 
size resulting in increased settling rates.  
Biological treatment 
After the brewery wastewater has undergone physical and chemical treatments, the 
wastewater can then undergo an additional biological treatment. Biological treatment 
of wastewater can be either aerobic (with air/oxygen supply) or anaerobic (without 
oxygen), which are discussed in more detail in the following sections. Generally, 
aerobic treatment has been applied for the treatment of brewery wastewater and 
recently anaerobic systems have become an attractive option.  
Click on the following topics for more information on Wastewater and Solid Waste 
Management. 
2.6 MFC Configurations 
There are basic components of MFCs which are important in constructions. 
Electrodes, wirings, glass cell and salt bridge have an important role. Salt bridge is 
replaced with Proton exchange membrane in PEM fuel cell. Though it enhances the 
cost but handling and the power generation both get enhanced, thus increasing the 
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portability and efficiency of the system. Apart from that fuel cells can be classified in 
two types on the basis of number of compartments or chambers. 
2.6.1 Single compartment MFCs 
They are simple anode compartment where there is no definitive cathode 
compartment and may not contain proton exchange membranes as shown in Figure 
2.2 (Park et al.,2003) Porous cathodes form one side of the wall of the cathode 
chamber utilizing oxygen from atmosphere and letting protons diffuse through them. 
They are quite simple to scale up than the double chambered fuel cells and thus have 
found extensive utilization and research interests lately. The anodes are normal 
carbon electrodes but the cathodes are either porous carbon electrodes or PEM 
bonded with flexible carbon cloth electrodes. Cathodes are often covered with 
graphite in which electrolytes are poured in steady fashion which behaves as 
catholytes and prevent the membrane and cathode from drying. Thus water 
management or better fluid management is an important issue in such single 
chambered fuel cells. 
 
Figure 2.2: Schematic design of Single chambered Microbial Fuel Cell (Park et.  
al., 2003). 
2.6.2 Two compartment MFCs 
Both the cathode and anode are housed in different compartments or chambers 
connected via a proton Exchange membrane (PEM) or sometimes salt bridge 
(Ringeisen et al.,2006). PEM or salt bridge mainly functions as medium for transfer 
of proton to make the circuit complete as shown in Figure 2.3 A. This not only 
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completes the reaction process but also prevents anode to come in direct contact with 
oxygen or any other oxidizers. They are run in batches and can be used for 
producing higher power output and can be utilized to give power in much 
inaccessible conditions. It can be suitable designed to scale up to treat large volume 
of wastewater and other source of carbon. These particular types are called up flow 
mode of microbial fuel cell as shown Figure 2.3 B. They practically fall between the 
classification of single chambered and double chambered microbial fuel cells. They 
are mediator-less and sometimes membrane-less and can be used for large scale 
production of electricity from the wastes (Minteer et al.,2005, Jang et al.,2004) 
 
Figure 2.3: A) Simple design of Double chambered Microbial Fuel Cell B) ü, 
Schematic Designs of Cylindrical Membrane-less fuel Cells (Jang et 
al., 2004). 
2.6.3 Stacked MFCs  
These are another type of construction in which fuel cells are stacked to form battery 
of fuel cell.(Aelterman et al.,2006) This type of construction doesn’t affect each 
cell’s individual Coulombic efficiency but in together it increases the output of 
overall battery to be comparable to normal power sources as shown in Figure 2.4. 
These can be either stacked in series or stacked in parallel. Both have their own 
importance and are high in power efficiency and can be practically utilized as power 
source. increase the voltages and currents produced by MFCs. Connecting several 
fuel cells in series adds the voltages, while one common current flows through all 
fuel cells . In case several power sources are connected in parallel, the voltage 
averages and the currents are added. 
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.  
Figure 2.4: Schematic Design of Stacked type Microbial Fuel Cell (Aelterman et  
al.,2006). 
2.7 Performance of Microbial Fuel Cell 
2.7.1 Ideal performance of MFC 
The ideal performance of an MFC depends on the electrochemical reactions that 
occur between the organic substrate at a low potential such as glucose and the final 
electron acceptor with a high potential, such as oxygen (Rabaey and Verstrate, 2005). 
However, its ideal cell voltage is uncertain because the electrons are transferred to 
the anode from the organic substrate through a complex respiratory chain that varies 
from microbe to microbe and even for the same microbe when growth conditions 
differ. Though the respiratory chain is still poorly understood, the key anodic 
reaction that determines the voltage is between the reduced redox potential of the 
mediator (if one is employed) or the final cytochrome in the system for the 
electrophile/anodophile if this has conducting pili, and the anode. For those bacterial 
species that are incapable of releasing electrons to the anode directly, a redox 
mediator is needed to transfer the electrons directly to the anode (Stirling et al., 1983; 
Bennetto, 1984). In such a case the final anodic reaction is that the anode gains the 
electrons from the reduced mediator. 
2.7.2 Actual of microbial fuel cell 
Activation polarization is attributed to an activation energy that must be overcome by 
the reacting species. It is a limiting step when the rate of an electrochemical reaction 
at an electrode surface is controlled by slow reaction kinetics. Processes involving 
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adsorption of reactant species, transfer of electrons across the doublelayer cell 
membrane, desorption of product species, and the physical nature of the electrode 
surface all contribute to the activation polarization. For those microbes that do not 
readily release electrons to the anode, activation polarization is an energy barrier that 
can be overcome by adding mediators. In mediator-less MFCs, activation 
polarization is lowered due to conducting pili. Cathodic reaction also faces activation 
polarization. For example, platinum (Pt) is preferred over a graphite cathode for 
performance purpose because it has a lower energy barrier in the cathodic oxygen 
reaction that produces water. Usually activation polarization is dominant at a low 
current density. The electronic barriers at the anode and the cathode must be 
overcome before current and ions can flow (Appleby and Foulkes, 1989). The 
resistance to the flow of ions in electrolytes and the electron flow between the 
electrodes cause Ohmic losses. Ohmic loss in electrolytes is dominant and it can be 
reduced by shortening the distance between the two electrodes and by increasing the 
ionic conductivity of the electrolytes (Cheng et al., 2006b). PEMs produce a 
transmembrane potential difference that also constitutes a major resistance. 
Concentration polarization is a loss of potential due to the inability to maintain the 
initial substrate concentration in the bulk fluid. Slow mass transfer rates for reactants 
and products are often to blame. Cathodic overpotential caused by a lack of DO for 
the cathodic reaction still limits the power density output of some MFCs (Oh et al., 
2004). A good MFC bioreactor should minimize concentration polarization by 
enhancing mass transfer. Stirring and/or bubbling can reduce the concentration 
gradient in an MFC. However, stirring and bubbling requires pumps and their energy 
requirements are usually greater than the outputs from the MFC. Therefore, balance 
between the power output and the energy consumption by MFC operation should be 
carefully considered. 
2.8 Effects of Operation Conditions 
Electrode materials, Proton exchange membranes or salt bridge and operation 
conditions of anode and cathode have important effect on MFCs. The electrode 
material determines the diffusivity of oxygen in single chambered MFCs. If the 
electrodes are more porous it allows diffusion of oxygen to anode which reduces the 
efficiency of fuel cells. The electrode material also determines the power loss of fuel 
cell in terms of internal resistance (Oh et al., 2005). The longevity of electrodes is 
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also an important criterion. But the most important criterion is cost. Electrodes can 
be replaced if they are corroded or saturated and it doesn’t affect the conditions much 
if the microbes are non-film making and are present in liquid anolyte. Proton 
Exchange membranes also play an important part but they are very costly and needed 
proper installation procedures for limiting the dangers of clogging and drying. But 
they make the assembly very robust and thus usable in practical conditions 
(Rozendal et al., 2006). The ratio of membrane surface area to system volume is 
critical to the system performance. Alternative membranes such as porous polymers 
and glass wools have been tested but are not utilized by researchers most of the time. 
Some researchers prepared their own polymer using Polyethylene by sulphonation 
with chlorosulphonic acid in 1,2 dichloroethane (Girzebyk et al., 2005) . But none of 
them were as efficient as NAFION. Operating condition such as Dissolved Oxygen  
content is important parameter. Anode uses low DO but Cathode uses high DO. But 
higher DO facilitates diffusion of more oxygen into anode compartment through the 
porous membrane. Oxygen saturated catholytes are found to be the optimum (Oh et 
al., 2004). Increasing the DO more than that doesn’t give any considerable change in 
efficiency of the system. Fuel or substrate concentration also plays an important role. 
Though higher fuels are preferable but most of the time it is inhibitory to 
microorganism. So a proper feed rate should be maintained in continuous systems 
and proper feed concentrations in batch mode of working. 
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3. MATERIALS AND METHODS 
In this work, the production of electricity and the oxidation of the brewery 
wastewater as a carbon sources, using a mediator-less two-compartment microbial 
fuel cell (MFC) has been studied.  
Oxygen in the anode chamber inhibits electricity generation, so the two compartment 
MFC system must be designed to keep the microorganisms seperated from oxygen. 
This seperation of the bacteria from oxygen can be achived by placing a membrane 
that allows charge transfer between the electrodes, forming two seperate chambers: 
the anode chamber, where the bacteria grow; and the cathode chamber, where the 
electrons react with the electron acceptor. The cathode was sparged with air to 
provide dissolved oxygen for the reaction. The two electrodes were connected by a 
wire containing a load. In principle, the membrane is permeable to protons that are 
produced at the anode, so that they can migrate to the cathode where they can 
combine with electrons transferred via the wire and with oxygen, forming water. The 
current produced by MFC was simply calculated in the laboratory by monitoring the 
voltage drop across the resistor using a multimeter connected up to a computer for 
continuous data acquisition. 
The preliminary works, acclimation period and start-up of MFC, were done to study 
the production of electricity and oxidation of the brewery wastewater as carbon 
source. 
3.1 The Preliminary Work for the Setup of the MFC System 
3.1.1 Acclimation period 
Wastewater and sludge were taken from Efes Pilsen Wastewater Treatment Plant. An 
aerated fill and draw reactor were used. The glass reactor which has an effective 
volume of 4 L was used. Figure 3.1 shows the acclimation reactor. The hydraulic 
retention time was set at one day, and the aeration of the reactor was stopped after 23 
hours to allow one hour of settling. The supernatant was wasted after settling and the 
reactor was filled with aerated tap water and fed with brewery wastewater. After the 
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mixed liquor MLVSS concentration reached to the  desired level of 2500 mg/L, the 
daily MLVSS concentrations were measured and the excess sludge  was wasted. 
When the amount of excess sludge was approximately constant, the fill and draw 
system is defined to reach steady-state at a constant F/M ratio with definite sludge 
age of 17 days and constant daily COD removal efficiency 
 
Figure 3.1:  The acclimation reactor. 
The solids retention time is equal to the mass of solids in the aeration tank divided by 
the mass of solids leaving the system (waste activated sludge solids) each day. The 
sludge age is calculated as, 
                                                        (3.1) 
Where, 
Rs = sludge age 
V = aeration tank volume 
X = mixed liquor suspended solids concentration 
Qw = sludge wasting rate 
Xu = solids concentration of the waste sludge 
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3.1.2 Start-up period of MFC 
3.1.2.1 MFC design 
Figure 3.2 shows the constructed microbial fuel cell system consists of the following 
units: 
A. Nafion membrane  
B. MFC reactor with Nafion membrane  
C. Electrode 
D. MFC system with the multimeter.  
 
 
 
Figure 3.2: The necessary materials for the start-up period of the MFC. 
Microbial fuel cell was operated in fill and draw mode at room temperature. The 
two-chamber MFC consisted of two plexyglass chambers (15cm×15cm×15 cm) and 
with a proton exchange membrane (PEM, Nafion 117) separating the reactor into two 
parts. Volume of the anode and cathode chambers were same and about  2.5 L. 
The electrode made of chrome-nickel was placed in both chambers. The surface 
areas of the anode and cathode were the same, about  225 cm
2
.  
A B 
C D 
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Voltage was measured using a multimeter and a data acquisition system, which can 
continuously monitor the voltage and transfer data to the computer at an interval of 2 
min.  
3.1.2.2 Set-up and start-up operation of the system 
In the set-up period, connections and placements of materials were done in eleven 
steps. These steps can be listed as follows: 
1. A reactor  seperated into two parts which are anodic and cathodic chambers. 
2. Proton exchange membrane, Nafion 117, was put in distilled water for two 
hours to obtain expanded shape. 
3. Nafion membrane was placed between two frames which were made of 
plexyglass. 
4. Nafion was placed between anode and cathode chambers. 
5. The volumes of the chambers were measured and marked.  
6. The electrode which has a black wiring was put in the anodic chamber. 
7. The electrode which has a red wiring was put in the cathodic chamber. 
8. Stirrer was placed in the bottom of the anode part of MFC. 
9. The diffusers were placed in the cathodic chamber. 
10. Multimeter was connected to the red and black wires to complete the circuit. 
11. The connection between the computer and multimeter was done for 
continuous data storage. 
After setup of the system the anodic chamber was filled acclimated activated sludge 
of about 2500 mg/l VSS, to start-up the MFC system. Tap water was added to  
cathodic chamber and the air was supplied. Stirrer was turned on. After the nutrient 
solutions were added on the biomass, the anodic chamber was brewery wastewater. 
MFC was fed with batch system. 
In this period, soluble COD and voltage profiles of the system was observed for a 
period long enough to ensure the depletion of the substrate.  
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3.2 Analysis Conducted and Calculated Parameters in the MFC System 
After start-up period, the anodic chamber of the microbial fuel cell was fed with 
different concentrations of brewery wastewater, respectively 860 mg/l and 1720 
mg/l, for two different periods. The aerobic cathodic chamber was not stirred but 
aerated with a sufficiently small flow rate of air, to prevent the crossover of the 
oxygen from the cathodic to the anodic chamber. This chamber only contained tap 
water.  
The voltage can be defined as a function of the external resistance, or load on the 
circuit, and the current. The cell voltage of MFC was recorded automatically by a 
computer once every three minutes.  
The highest voltage produced in an MFC is the open circuit voltage (OCV) which 
was measured with the circuit disconnected (infinite resistance, zero current). OCV 
was determined for different wastewater concentrations. After determination of OCV 
a 9000Ω, 7000Ω, 5000Ω, 3000Ω and 1000Ω external resistances were connected to 
the MFC.  
The current produced from a MFC was small, so the current was not measured, but 
instead it was calculated according to Ohm’s law, 
                                              

 
9000
9000VIMFC                                                           (3.2) 
where V9000Ω (V), V5000Ω (V)  and V1000Ω (V)  are the measured voltage, IMFC (A) is 
the current, and 9000Ω, 7000 Ω, 5000Ω, 3000Ω ad 1000Ω are the external 
resistances.  
To make MFCs useful as a method to generate power, it was essential to optimize the 
system for power production. (Liu et al., 2004).Power was calculated from a voltage 
and current as  
                                                     VIP .                                                                (3.3) 
The power output by an MFC was calculated from the measured voltage across the 
load and the current as 
                                                 MFCMFC VIP .                                                         (3.4) 
where P (Watt) is the power, IMFC (A) is the calculated current, and VMFC (V) is the 
measured voltage. 
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As with any power source, the objective was to maximize power output and therefore 
to obtain the highest current density under conditions of the maximum potential. (Liu 
et al., 2004).Current density was calculated as  
                                                 
anode
MFC
AN
A
I
I                                                             (3.5) 
where  IAN (A.cm
-2
) is the anodic current density, IMFC (A) is the calculated current, 
Aanode (cm
2
) is the  surface area of the used electrode in the anode chamber.  
Knowing how much power is generated by an MFC does not sufficiently describe 
how efficiently that power is generated by the specific system architecture. For 
example, the amount of anode surface area available for microbes to grow on can 
affect the amount of power generated. Thus, it is common to normalize power 
production by the surface area of the anode so that the power density produced by the 
MFC is given by: (Liu et al., 2004) 
                                                      
anode
AN
A
P
P                                                        (3.6) 
where PAN (W.cm
-2
) is the power density, P (W) is the calculated power, Aanode (cm
2
) 
is the surface area of the studied electrode in the anode chamber. (Liu et al., 2004) 
Polarization curves in MFC give important information about the operating 
conditions of the MFC, in particular about the actual capabilities of the MFCs. These 
curves allow discerning three important parameters: the open circuit voltage (OCV) 
or the maximum allowable MFC voltage (for a nil current), the maximum intensity 
reachable (for a nil potential) and the maximum feasible current density.Maximum 
power density and internal resistance of MFCs are obtained by polarization curves. 
Polarization curves were obtained by varying the external resistance over a range 
from 1000Ω to 9000Ω when the voltage output achieved is constant. According to 
Ohm’s law, when the power density is the maximum, the internal and external 
resistances are equal. 
While generating power is a main goal of MFC operation, we also seek to extract as 
much of the electrons stored in the biomass as possible as current, and to recover as 
much energy as possible from the system. The recovery of electrons is referred to as 
Coulombic efficiency defined as the fraction (or percent) of electrons recovered as 
current versus the electrons present in the starting organic matter. The oxidation of a 
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substrate occurs with the removal of electrons, with the moles of electrons defined 
for each substrate based on writing down the half reaction. (Liu et al., 2004) 
The Coulombic efficiency was calculated as, 
                                             %100x
C
C
E
Ti
P
C                                                         (3.7) 
where Cp (C) is the total Coulombs calculated by integrating the current over time. 
CTi (C) is the theoretical amount of Coulombs that can be produced from 
wastewater,  calculated as (Liu et al., 2004) 
                                         %1001 x
Mi
FbiSiv
CT                                                      (3.8) 
where F is Faraday’s constant (98 485 C/mol of electrons), bi is the number of mol of 
electrons produced per mol of substrate (bw=4,), Si (g/L) the substrate concentration, 
v (L) the liquid volume, and Mi the molecular weight of the substrate (Mw = 32, 
COD basis; Mi = 342).  
Chemical oxygen demand and volatile suspended solid were measured in duplicate 
using standard methods (APHA).  
pH was measured using an Orion pH meter . 
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4.  EXPERIMENTAL RESULTS 
4.1 The Preliminary Experiment Results 
4.1.1 Acclimation period 
4.1.1.1 COD profiles 
During the acclimation period as shown in the Figure 4.1, Effluent COD 
concentrations decreased each day, starting from 301 mg/l down to 244 mg/l. COD 
concentrations were obtained stable after 53 days. 
 
Figure 4.1: Influent and effluent COD concentrations in the acclimation reactor. 
As shown in the Figure 4.2, COD removal efficiencies increased initially and after 
53 days COD removal efficiencies was stable. COD removal efficiency gradually 
increased and finally reached up to 86.41%. The average COD removal efficiency 
was observed as % 84.35 in the reactor. 
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Figure 4.2: COD removal efficiency of the acclimation reactor. 
4.1.1.2 MLSS-MLVSS profile 
MLSS and MLVSS concentrations in the acclimation period are shown in the Figure 
4.3, MLVSS concentrations were around 2500 mg/L. The sludge was wasted to keep 
MLVSS concentrations at 2500 mg/l. The average of sludge wasted was observed as 
230 mg/l in the reactor. The sludge age was observed 17 days. 
 
Figure 4.3: MLVSS concentrations of the acclimation reactor. 
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4.1.2 Start-up period results 
4.1.2.1 COD profiles 
During the start-up period of MFC as shown in the Figure 4.4, effluent  COD 
concentrations decreased each day. The start-up period influent COD was adjusted to 
1720 mg/L and increasing COD removal was obtained with effluent COD decreasing 
day by day.The effluent COD concentration was 354 mg/l in the beginning of start-
up period an reached 189 mg/l after 53 days. 
 
Figure 4.4: Influent and effluent COD concentrations in the MFC reactor. 
As shown in the Figure 4.5 COD removal efficiencies increased initially and after 53 
days COD removal efficiencies was stable. COD removal efficiency reached 89%. 
 
Figure 4.5: COD removal efficiency of the MFC reactor. 
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4.2  MFC Experiment Results for Different COD Concentrations 
4.2.1 MFC results for 860 mg/l COD concentration 
The MFC system was operated feeding 860 mg/L COD concentration with the 
addition of brewery wastewater. The working volume of the anodic chamber was 2.5 
L. All the experiments were performed at room temperature of 25°C in a temperature 
controlled laboratory. 
4.2.1.1 pH profile 
The mixed liquor pH values in the anodic chamber were measured to be between to 
be between 6.65-7.05 for the first 3 hours after brewery wastewater feding, as given 
in Figure 4.6, The average pH value of the system monitored from time to time 
always remained in the ranges of 6.5-7.5 throughout the whole cycle. 
 
Figure 4.6: pH profiles in the MFC reactor. 
4.2.1.2 COD profile 
During the MFC period as shown in the Figure 4.7, COD concentrations were 
decreased each day. The effluent COD concentration was 181 mg/l in the beginning 
of start-up period an reached 149 mg/l after 10 days. 
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Figure 4.7: Influent and effluent COD concentrations in the MFC reactor fed with 
860 mg/l COD. 
As shown in the Figure 4.8 COD removal efficiency reached 83%. 
 
Figure 4.8: COD removal efficiency of the MFC reactor fed with 860 mg/l COD. 
4.2.1.3  OCV profile 
As seen from the Figure 4.9, voltage profiles was obtained for a day to ensure the 
depletion of the substrate and OCV in MFC system without resistance. The system 
was fed with 860 mg/l COD and 1720 mg/l COD .The system was fed with 20 ml 
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Solution A and 20 ml Solution B for nutritional requirements and to provide a buffer 
capacity and substrate was added after 30 minutes. The MFC system fed with 
brewery wastewater is said to operated with an OCV of 0.3 V and 0.58 V. 
 
Figure 4.9: OCV profiles of the MFC feed with 860 mg/l COD and 1720 mg/l COD. 
4.2.1.4 Voltage profile for 860 mg/l COD concentration with 9 kΩ resistance 
COD removal and biomass generation took place in parallel with the production of 
electricity. The electricity generation is seen in the Figure 4.10.  
As shown in Figure 4.10, six cycles were monitored for voltage profiles. Electricity 
generation of each cycle included three phases: ascending phase, stationary phase 
and declining phase. Data showed higher voltage outputs in the latter cycles than 
those in the first one. Aninstantaneous recovery of the voltage generation was 
observed after the replacement of brewery wastewater in latter cycles, demonstrating 
the acclimation of biomass to transferring electrons to the metal plate (anode) in the 
MFC. The system yielded a maximum voltage of 0.63 V just after feeding. 
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Figure 4.10: Voltage profile of the MFC fed with 860 mg/l COD (9 kΩ resistance). 
4.2.1.5 Power and current profiles for 860 mg/l COD concentration with 9 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.11, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.07 mA and 44 
mW respectively.  
 
Figure 4.11: Current and power profiles of MFC fed with 860 mg/l COD (9 kΩ 
resistance). 
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4.2.1.6 Density profiles for 860 mg/l COD concentration with 9 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.12, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.31 mA.m
-2
 , 196 mW.m
-2
 
 
Figure 4.12: Current, power density profiles of MFC fed with 860 mg/l COD (9 kΩ 
resistance). 
4.2.1.7 Voltage profile for 860 mg/l COD concentration with 7 kΩ resistance 
As seen from the Figure 4.13, the electricity generation in MFC system with 2500 
mg/l biomass and 7 kΩ external resistance  was 0.55 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 
Figure 4.13: Voltage profile of the MFC fed with 860 mg/l COD (7 kΩ resistance). 
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4.2.1.8 Power and current profiles for 860 mg/l COD concentration with 7 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.14, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.078 mA and 
42.9 mW respectively.  
 
Figure 4.14: Current and power profiles of MFC feed with 860 mg/l COD (7 kΩ 
resistance). 
4.2.1.9 Density profiles for 860 mg/l COD concentration with 7 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.15, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.34 mA.m
-2
 , 191 mW.m
-2 
 
Figure 4.15: Current, power density profiles of MFC feed with 860 mg/l COD (7 kΩ 
resistance). 
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4.2.1.10 Voltage profile for 860 mg/l COD concentration with 5 kΩ resistance 
As seen from the Figure 4.16, the electricity generation in MFC system with 2500 
mg/l biomass and 5 kΩ external resistance  was 0.51 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 
Figure 4.16: Voltage profile of the MFC fed with 860 mg/l COD (5 kΩ resistance). 
4.2.1.11 Power and current profiles for 860 mg/l COD concentration with 5 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.17, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.1 mA and 57 
mW respectively.  
 
Figure 4.17: Current and power profiles of MFC fed with 860 mg/l COD (5 kΩ 
resistance). 
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4.2.1.12 Density profiles for 860 mg/l COD concentration with 5 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.18, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.47 mA.m
-2
 , 255 mW.m
-2
 
 
Figure 4.18: Current, power density profiles of MFC fed with 860 mg/l COD (5 kΩ 
resistance). 
4.2.1.13 Voltage profile for 860 mg/l COD concentration with 3 kΩ resistance 
As seen from the Figure 4.19, the electricity generation in MFC system with 2500 
mg/l biomass and 3 kΩ external resistance  was 0.49 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 
Figure 4.19: Voltage profile of the MFC feed with 860 mg/l COD (3 kΩ resistance). 
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4.2.1.14 Power and current profiles for 860 mg/l COD concentration with 3 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.20, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.16 mA and 81 
mW respectively.  
 
Figure 4.20: Current and power profiles of MFC feed with 860 mg/l COD (3 kΩ 
resistance). 
4.2.1.15 Density profiles for 860 mg/l COD concentration with 3 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.21, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.72 mA.m
-2
, 358 mW.m
-2
. 
 
Figure 4.21: Current, power density profiles of MFC feed with 860 mg/l COD (3 kΩ 
resistance). 
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4.2.1.16 Voltage profile for 860 mg/l COD concentration with 1 kΩ resistance 
As seen from the Figure 4.22, the electricity generation in MFC system with 2500 
mg/l biomass and 1 kΩ external resistance  was 0.27 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 
Figure 4.22: Voltage profile of the MFC feed with 860 mg/l COD (1 kΩ resistance). 
4.2.1.17 Power and current profiles for 860 mg/l COD concentration with 1 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.23, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.26 mA and 71 
mW respectively.  
 
Figure 4.23: Current and power profiles of MFC feed with 860 mg/l COD (1 kΩ 
resistance). 
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4.2.1.18 Density profiles for 860 mg/l COD concentration with 1 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.24, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
1.19 mA.m
-2
 , 318 mW.m
-2
. 
 
Figure 4.24: Current, power density profiles of MFC feed with 860 mg/l COD (1 kΩ 
resistance). 
4.2.1.19 Polarization curve 
The polarization curve was obtained by plotting voltage versus current density with 5 
different external resistances ranging from 1 kΩ, 3 kΩ, 5 kΩ, 7 kΩ, 9 kΩ for 860 
mg/l feeding. As seen from the Figure 4.25, when voltage increases, the current 
density decreases. Internal resistance of the system was calculated from the slope of 
the curve. 
 
Figure 4.25: Polarization curve of the MFC feed with 860 mg/l COD. 
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4.2.2  MFC results for 1720 mg/l COD concentration with 9 kΩ resistance 
The MFC system was operated feeding 1720 mg/L COD concentration with the 
addition of brewery wastewater. The working volume of the anodic chamber was 2.5 
L. All the experiments were performed at room temperature of 25°C in a temperature 
controlled laboratory. 
4.2.2.1 pH profile 
The mixed liquor pH values in the anodic chamber were measured to be between to 
be between 7.13-7.28 for the first 3 hours after brewery wastewater feeding, as given 
in Figure 4.26, The average pH value of the system monitored from time to time 
always remained in the ranges of 7.1-7.3 throughout the whole cycle. 
 
Figure 4.26: pH profiles in the MFC reactor. 
4.2.2.2 COD profile 
During the MFC period as shown in the Figure 4.27 COD concentrations were   
decreased each day. The effluent COD concentration was 215 mg/l in the beginning 
of start-up period an reached 189 mg/l after 10 days. 
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Figure 4.27: Influent and effluent COD concentrations in the MFC reactor fed with 
1720 mg/l COD. 
As shown in the Figure 4.28, COD removal efficiency reached 90%. 
 
Figure 4.28: COD removal efficiency of the MFC reactor fed with 1720 mg/l COD. 
4.2.2.3 Voltage profile for 1720 mg/l COD concentration with 9 kΩ resistance 
As seen from the Figure 4.29, the electricity generation in MFC system with 2500 
mg/l biomass and 9 kΩ external resistance  was 0.9 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 43 
 
 
Figure 4.29: Voltage profile of the MFC fed with 1720 mg/l COD (9 kΩ resistance). 
4.2.2.4 Power and current profiles for 1720 mg/l COD concentration with 9 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.30, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.1 mA and 92 
mW respectively.  
 
Figure 4.30: Current and power profiles of MFC fed with 1720 mg/l COD (9 kΩ 
resistance). 
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4.2.2.5 Density profiles for 1720 mg/l COD concentration with 9 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.31, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.45  mA.m
-2
 , 409 mW.m
-2
.
  
 
 
Figure 4.31: Current, power density profiles of MFC fed with 1720 mg/l COD (9 kΩ 
resistance). 
4.2.2.6 Voltage profile for 1720 mg/l COD concentration with 7 kΩ resistance 
As seen from the Figure 4.32, the electricity generation in MFC system with 2500 
mg/l biomass and 7 kΩ external resistance  was 0.8 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 
Figure 4.32: Voltage profile of the MFC fed with 1720 mg/l COD (7 kΩ resistance). 
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4.2.2.7 Power and current profiles for 1720 mg/l COD concentration with 7 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.33, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.11 mA and 91 
mW respectively.  
 
Figure 4.33: Current and power profiles of MFC fed with 1720 mg/l COD (7 kΩ 
resisance). 
4.2.2.8 Density profiles for 1720 mg/l COD concentration with 7 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.34, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.51  mA.m
-2
 , 407 mW.m
-2  
 
 
Figure 4.34: Current, power density profiles of MFC fed with 1720 mg/l COD (7 kΩ 
resistance). 
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4.2.2.9 Voltage profile for 1720 mg/l COD concentration with 5 kΩ resistance 
As seen from the Figure 4.35, the electricity generation in MFC system with 2500 
mg/l biomass and 5 kΩ external resistance  was 0.61 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 
Figure 4.35: Voltage profile of the MFC fed with 1720 mg/l COD (5 kΩ resistance). 
4.2.2.10 Power and current profiles for 1720 mg/l COD concentration with 5 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.36 the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.127 mA and 80 
mW respectively.  
 
Figure 4.36: Current and power profiles of MFC fed with 1720 mg/l COD (5 kΩ 
resistance). 
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4.2.2.11 Density profiles for 1720 mg/l COD concentration with 5 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.37, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.56 mA.m
-2
 , 353 mW.m
-2
. 
 
Figure 4.37: Current, power density profiles of MFC fed with 1720 mg/l COD (5 kΩ 
resistance). 
4.2.2.12 Voltage profile for 1720 mg/l COD concentration with 3 kΩ resistance 
As seen from the Figure 4.38, the electricity generation in MFC system with 2500 
mg/l biomass and 3 kΩ external resistance  was 0.56 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle.  
 
Figure 4.38: Voltage profile of the MFC fed with 1720 mg/l COD (3 kΩ resistance). 
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4.2.2.13 Power and current profiles for 1720 mg/l COD concentration with 3 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.39 the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.185 mA and 
103 mW respectively.  
 
Figure 4.39: Current and power profiles of MFC fed with 1720 mg/l COD (3 kΩ 
resistance). 
4.2.2.14 Density profiles for 1720 mg/l COD concentration with 3 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.40, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
0.82 mA.m
-2
 , 461 mW.m
-2
. 
 
Figure 4.40: Current, power density profiles of MFC fed with 1720 mg/l COD (3 kΩ 
resistance). 
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4.2.2.15 Voltage profile for 1720 mg/l COD concentration with 1 kΩ resistance 
As seen from the Figure 4.41, the electricity generation in MFC system with 2500 
mg/l biomass and 1 kΩ external resistance  was 0.30 V on the average for 6 days of 
operation. The voltage profiles were similar for each cycle. 
 
Figure 4.41: Voltage profile of the MFC fed with 1720 mg/l COD (1 kΩ resistance). 
4.2.2.16 Power and current profiles for 1720 mg/l COD concentration with 1 kΩ 
resistance 
The current and power were calculated as given in Materials and Methods section. 
As seen from the Figure 4.42, the current and power profiles were obtained for 6 
days. The average current and power obtained during 6 cycles were 0.3 mA and 89 
mW respectively.  
 
Figure 4.42: Current and power profiles of MFC feed with 1720 mg/l COD (1 kΩ 
resistance). 
 50 
 
4.2.2.17 Density profiles for 1720 mg/l COD concentration with 1 kΩ resistance 
The current and power densities were calculated as given in Materials and Methods 
section. As seen from the Figure 4.43, the current and power profiles were obtained 
for 6 days. The average current and power densities obtained during 6 cycles were 
1.33 mA.m
-2
 , 400 mW.m
-2 
 
Figure 4.43: Current, power density profiles of MFC feed with 1720 mg/l COD (1 
kΩ resistance). 
4.2.2.18 Polarization curve 
Polarization curve represents the voltage as a function of the current (density). 
Polarization curves can be recorded for the anode, the cathode, or for the whole MFC 
using a potentiostat. If a potentiostat is not available, a variable resistor box can be 
used to set variable external loads. Using a periodical decrease (or increase, when 
starting at short circuit) of the load, the voltage is measured and the current is 
calculated using Ohms law. 
The polarization curve was obtained by plotting voltage versus current density with 5 
different external resistances ranging from 1 kΩ to 9 kΩ for 1720 mg/l feeding. As 
seen from the Figure 4.44 when voltage increases, the current density decreases. 
Internal resistance of the system was calculated from the slope of the curve. 
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Figure 4.44: Polarization curve of the MFC fed with 1720 mg/l COD. 
4.2.3 Coulombic efficiency 
As seen from the Figure 4.45, feeding on wastewater with 860 mg/l COD the MFC 
reached a 19 % and feeding on wastewater with 1720 mg/l COD the MFC reached 
%40. Molecular weight of the substrate ; 342 gr/mol. Malt was assumed as substrate. 
%1001 x
Mi
FbiSiv
CT   
40%100
342
225,0).9,0.720,1.(4.5,98
1  xCT  
19%100
342
225,0).83,0.860,0.(4.5,98
1  xCT  
. 
Figure 4.45: Coulombic efficiency (CE). 
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4.2.4 Internal resistance 
As seen from Table 4.1, internal resistance is a direct linear relationship between the 
voltage produced and the current density. 
Table 4.1: Data of calculation. 
 
860 mg/l COD 1720 mg/l COD 
R 
(Ω) 
Voltage 
 (V)  
Current Density 
(mA) 
Voltage 
 (V)  
Current Density 
(mA) 
1000 0,27 0,001200 0,3 0,001333 
9000 0,63 0,000311 0,91 0,000450 
 
405
001200,0000311,0
27,063,0
860 


IR
 
 
690
00045,0001333,0
3,091,0
1720 


IR
 
Table 4.2: Internal resistance. 
COD Concentration 
(mg/l) 
Internal Resistance 
(Ω) 
860 405 
1720 690 
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5. RESULT AND DISCUSSION 
This study was conducted to observe the performance of a two compartment MFC 
fed with brewery wastewater as the carbon source. The work is focussed on the study 
of the effect of the biodegradability of substrate, paying special attention to the study 
of the relationship between COD removal and electricity generation, including the 
achievement of a high power and current density, in the MFC system with anodic 
and compartment volumes of 2.5 L. The anodic chamber was seeded with 2500 
mgVSS/L biomass to simulate the conventional activated sludge systems. The 
cathodic chamber was filled with tap water and was continuously aerated. The two-
compartment MFC with the anodic and the cathodic chambers separated by a proton 
exchange membrane was used. Carbon removal and electricty generation efficiencies 
have been observed for different feeding conditions where 860 mg COD/l and 1720 
mg COD/l was fed to the system. Each set of experiments were run for 1 week with 
daily cycles of fill and draw operation was applied. The system was monitored for 
pH and MLVSS changes, and COD removal by the collection of the samples at 
predetermined intervals. The voltage generation was monitored with a multimeter 
connected to a computer for continuos data collection.Table 5.1 shows overview of 
the experimental results for the MFC system under different feeding conditions. The 
voltage generation is based on microbial electron transfer at electrode in case of 
membrane. Voltage was produced over time when brewery wastewater was pumped 
into anode chamber.  
Polarization curves are useful for determining dependence on resistance of fuel cell 
performance. To obtain the polarization curve, the current density was calculated and 
plotted against voltage and power density at different external resistances (1– 9 kΩ).  
Over the whole experimental period, the maximum power density of 196 and 409 
mW/m
2 
occured at 9 kΩ with a current density of 0.32 and 0.45 mA/m2 for 860 
mgCOD/l and 1720 mgCOD/l respectively. 
It is evident from the experimental data that the voltage–current density curve can be 
roughly divided into three stages: activation polarization, ohmic loss and 
concentration polarization. At the first stage, current was relatively low, activation 
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resistance caused by reaction kinetics played a dominant role, which caused a rapid 
voltage decrease. 
Table 5.1: Overview of the experimental results for the MFC system under different 
feeding conditions. 
 
Feeding concentration 
 860 mg/l COD 1720 mg/l COD 
 
Parameters   
MLVSS concentration (mg/l) 2500 2500 
F/M ratio   (gCOD/gVSS) 0,35 0,69 
Sludge retention time (Sludge Age, day) 31 17 
COD removal (%) 83 89 
pH 6.65-7.05 7.13-7.28 
OCV (V) 0.30 0.58 
Maximum voltage with 9 kΩ resistance (V) 0.63 0.91 
Maximum current (mA) 9 kΩ 0.07 0.1 
Maximum power(mW) 9 kΩ 44 92 
Maximum current density (mA.m-2) 9 kΩ 0.32 0.45 
Maximum power density (mW.m-2) 9 kΩ 196 409 
Maximum voltage with 7 kΩ resistance (V) 0.55 0.8 
Maximum current (mA) 7 kΩ 0.07 0.1 
Maximum power(mW) 7 kΩ 43 91 
Maximum current density (mA.m-2) 7 kΩ 0.34 0.51 
Maximum power density (mW.m-2) 7 kΩ 191 407 
Maximum voltage with 5 kΩ resistance (V) 0.54 0.61 
Maximum current (mA) 5 kΩ 0.1 0.12 
Maximum power(mW) 5 kΩ 57 79 
Maximum current density (mA.m-2) 5 kΩ 0.47 0.56 
Maximum power density (mW.m-2) 5 kΩ 255 353 
Maximum voltage with 3 kΩ resistance (V) 0.49 0.56 
Maximum current (mA) 3 kΩ 0.17 0.18 
Maximum power(mW) 3 kΩ 81 103 
Maximum current density (mA.m-2) 3 kΩ 0.72 0.81 
Maximum power density (mW.m-2) 3 kΩ 358 461 
Maximum voltage with 1 kΩ resistance (V) 0.27 0.3 
Maximum current (mA) 1 kΩ 0.27 0.3 
Maximum power(mW) 1 kΩ 71 90 
Maximum current density (mA.m-2) 1 kΩ 1.19 1.33 
Maximum power density (mW.m-2) 1 kΩ 319 400 
Internal resistance (m Ω) 405 690 
Coulombic efficiency 39 27 
 55 
 
As current increased, polarization curve showed a linear relationship between voltage 
and current, which is called ohmic polarization, resulted from ionic resistance and 
electronic resistance. In this phase, there was also non-ohmic polarization; when 
external resistance was equal to internal resistance power density reached the 
maximum of 409 mW/m
2
. With continued increase of current density, concentration 
diffusion became obvious. 
The experimental studies performed in this thesis showed that a large volume two 
compartment MFC could be used to generate electricity coupled with efficient COD 
removal. The designed and constructed MFC system equipped with relatively cheap 
electrodes (stainless steel plates) could be operated at similar current and power 
densities reported in the literature. Experiments with different feed concentrations 
showed that the MFC system could produce higher electricity outputs per unit 
amount of organic matter at higher substrate concentrations with the same COD 
removal efficiencies. The studies presented in this work present the applicability o f 
MFC concept into conventional suspended growth activated sludge systems. Thus, 
the study can be regarded as an initiation for upgrading the conventional activated 
sludge systems to generate electrical power using stable and inexpensive materials as 
electrodes, which will add to feasibility of MFC applications.  
 Table 5.2 Data of different literature versus data of thesis. 
 Literature  Bibliography  Thesis  
COD Removal Eff. (%)  85 X. Wang et. al., 2008  89 
Voltage  (mV)  358 Y. Feng et.al, 2008  300 
Power Density  (mW/m
2
)  220 Y. Feng et.al, 2008  320 
Current Density (mA/m
2
)  1,5 Y. Feng et.al, 2008  1,33 
If we compare with the studies done by similar reactors, the results are coincides 
with the literature information. The suggestion is especially modifying of membrane 
type and reactor model, the reaches must focus on increasing energy production yield 
with proper cheap chemical mediator. 
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